(12) INTT:RNATI0NAL application PUBUSHED under the patent cooperation treaty (PCT) 



CORRECTED VERSTON 



(19) World InteUectual Property 
Organization 
International Bureau 

(43) International Publication Date 
31 March 2005 (31.03.2005) 



(21) International Application Number: 

PCTAJS2004/015046 

(22) Internationa] Filing Date: 13 May 2004 (13.05.2004) 




(25) Filing Language: 

(26) Publication Language: 

(30) Priority Data: 
60/482.386 



English 
English 

25 June 2003 (25.06.2003) US 



j (71) AppUcant (for all designated States except US): THE 
i UNIVERSITY OF AKRON [US/US]; 302 East Buchtel 
I Common, Akron, OH 44325 (US). 

! (72) Inventor; and 

I (75) Inventor/Applicant (for US only); GL\KOS, George, C. 
[USAJS](US). f 

(74) Agent: DONALD J. FIRCA, ESQ.; Roetzel & Andress. 
222 South Main Street, Akron, OH 44308 (US). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL AM 
AT, AU, AZ, BA. BB. BG, BR, BW, BY, BZ, CA, CH, Cn! 



IliiiliiililPiliillliliilllli 

(10) International Publication Number 

WO 2005/029015 A2 

CO. CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG ES FI 
GB, GD. GE, GH. GM, HR, HU, ID, IL, IN, IS 'jP Ke' 

5?' ^' L'*' LT, LU, LV, MA.*MD; 

MG, MK, MN, MW, MX, MZ, NA, NI. NO. NZ OM PG 

^* ^' SG. SK, SL. S Y. TJ.'tm! 

TN. TO. TT. TZ. UA. UG. US. UZ. VC. VN. YU. ZA. ZM. 



(84) Dedgnated States (unless otherwise indicated, for every 
ktnd of regional protection available): ARIPO (BW OH 
GM, KE, LS, MW, MZ, NA. SD, SL. SZ, TZ. Ug' Zm' 
ZW), Eurasian (AM, AZ, BY. KG, KZ. MD. RU, TJ, TM)* 
European (AT. BE. BG. CH. CY, CZ. DB, DK, EE, ES Fl' 
FR, GB. GR, HU. IB. IT. LU. MC, NL. PL. PT. RO. SB Si' 
SK TO). OAPI (BF, BJ, CF. CG, CL CM, GA, ON. Gq! 
GW. ML, MR, NE, SN, TD. TG). 

Published: 

— without international search report and to be Kpublished 
upon receipt ofthm report 

(48) Date of pubUcation of this corrected version: 

19 May 200S 

(15) Information about Correction: 

see PCT Gazette No. 20/2005 of 19 May 2005, Section H 

For two-letter codes and other abbreviations, refer to the "Guid- 

""'^^f^otes on Codes and Abbreviations" appearing at the begin, 
ntng of each regular issue of the PCT Gazette. 




IT) 

o 



Spti^riie'iitxissss^^^ 

use of several imaging functions^toeether such as J^nWi^r T ^ '"^«"ted. The term multifusion describes the 

By subst^cting pofariLlric paJJrsuch^^^^^^^^ 

respectively, obtained with intenogation light beanf of wav^eTgCx^^dT^^^^ ^ of circular polarization, 

includes a light souixe for illuminating a toilet with a fi«t Stv of ^h, hl^n/ « V , " "^^ ^y^'^™ 

having a second wavelengd,. the first L s^ond wavelenttteS T^^ISL^'T f"^' ' "^""^ ''"^'"^ "^ht 
state for each of the first and second quantities of light ^rf^lSe, S J^i P?'^^"""-^*^'" 8^"^^'°' generates a polarization 
of light aie transmitted before entering a first^veSate ^^^r^^T "^"^^^ ^"'"^ 

fi..t and second quandties of light folfowS^ iSitntfrte^H^^^^^^ ^'tT' ^ °f '"e 

through which the first and second quantittes of light^ ^mS^ Jt*^ T ^'^'^ '"'^'"''•"8 ^ ^aveplate 

device captu.^, a image of the 'ta^et iHu^nali Ty T^X^TJ'^IZl ^7 T'^"^'' A" '-8-»Pt«- 
the second qoantily of light A processing unit assigns a we^^h^l f«^nr ^ of >ght and a second image of the taiget illuminated by 

aweigh.eddiire«„cebetwee„Lfi.ta^dsecrnrm4rsl~ 
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INTERNATIONAL PATENT APPLICATION 

The University of Akron 

Title of the Invention 

MULTISPECTRAL, MULTIFUSION, LASER-POLARIMETRIC 
OPTICAL IMAGING SYSTEM 

Related Appucations 

[0001] This appUcation claims the benefit of U.S. Provisional AppUcation No. 60/482,386, ffled 
June 25, 2003. 

Field of the Invention 
10002] The invention relates generaUy to optical-imaging systems, and more particularly to a 

multi-fusion, dual-rotating retarder/ multiple-energy complete Mueller matrix-based 
polarimeter. The proposed imaging system is based on multi-wavelength laser-polarimetric 
intenrogation of targets surrounded by scattered media or any media in general, using the 
Mueller matrices formaUsm together with dual-energy subtraction techniques. Specifically, ■ 
the tenn multifiision describes the use of several imaging functions altogether such as 
polarimetric imaging, dual-energy subtraction, multifocal imaging, multiple-exposures, and 
other. By subtracting polarimetric parameters such as degree of polarization (DOP), degree 
of linear polarization (DOLP), degree of circular polarization, respectively (DCP), obtained 
with intenrogation light beams of wavelengths X, and 7^, he system, enhanced imaging is 
obtained. The multispectral, multifiision. dual-energy MueUer-based polarimeter system of 
tlie present invention can also utilize short-duration optical pulses or snapshots of light pulses 
providing therefore, temporal infoimation. in addition to the spatial and spectral infonnation 
of the target. This invention has potential ^pUcations for homeland security, defense and 
battleship, specificaUy for target identification, recognition, and, surveillance, medical - 
• imaging, bioengineering and medical applications, cancer detection, image guided biopsy, 
and molecular imaging, and nondestiiictive evaluation of objects, witii emphasis on industrial 
imaging. 
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Background of the Invention 
I0003J Op«c^ ta.3i,g ^ ^ ^^^^ 

m a^ospace. medioa^ MUt^, »a MusWa, vacations. C.„y^ 

hgh.ao.uaUydcp«„ds„ponanumberofg.„me«cd.a»dphysicaIpa™„«c„ 

. by va^ tte polanza^oa s«e of a„- iocid™, fa^ co„ligunUi» .f 

»»a.yzer U. ^ve differ po^„„ ^ ^^^^ 

a-empts .„ s^nue ^ages baaed o„ po.ari.aUon state of backs^tteJu^II 
ibc^ on the ,0. „f Bnea. polarization th„,agfc „gt....»^, ^ detect,, ! 

Howeve..Unea.-po.arized.,...e„.,,<,3eaaig^^^^„,;:2^^'^ 
a la^e nun-ber Of Kght-seattering ^edia. Such a.,«„p,a have Med J analy^ t.^ 
epo anzatio. of ei.„,ari,po,arized Ugh. ha«d on the Mue„e,-„J^ t 

""^LT^hT"^ = °f taa^ captured 

obta^edhy„ea„,ofd„a,^ergytoagh,gpri„cip,e..:n,epri„^^^^ 

mvoWe the uae of b.o optica) hnage.. oueptoducedby h..e,„gati„gfl«^™r^ 

«^Oowwave,e„g,,H^._e.a..a.„««,,^^ 

W^ergyOughwave-engthJEghtao^c l^.a^.«.icaUy„flects«„high J« 
^fferenUyt^an-tdoesthelow^cgyMght A weighted auhttaction of theae 1 taa^^ 

.. ^-"•^''^"'-posi.ionedtodi^.a.eHgh.uaedlbrime^g^g^.e^^ 
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essentiaUy Uluminates a single -^oe" of the ttrge. Ioc«ed a predetemrfned dbtance torn the 
lens m the axial directioo of the propagating light The process is cmtinuously „=peated for 
severd difr.re„, focal depths until fl» entire three^ensional target has been captured as an 
»«ge. But again, this harfwar^based super-resolution approach does not provide a 
desirable cmtrast between the target and interfering background noise. 
(00071 Several ,sn,dies have been conducted to evaluate die ocploitation of a dualnotating 
retarder complete-MueUer poteimeter. However, none of Urese studies have tused dual 
energy capabiUties with poUuundric measurements. Purftemiore. there exist oUrer studies 

"™'™B*»=*loi«ionofdual.,ot«ingpolarizeruKon,pletepoladnre.erconfi^^^^ 
ae^spaoe. and medical imaging applications. But since the polarimeters involved in these 

«toi.esareincomplete.th^donottskein.o.ccountellipticalpolariza.ion states. Andagain 
ftese studies do not contemplate the fh«on of dual-energy techniques witt, polarimetric' 
nnagmg principles. KnaUy. the exploitation of pclarfeation principles fcsed with dual- 
«ergy capabilities has be«, proposed, but such proposals have aU neglected to incorponUe 
the means of dual-rotating retarder complete polarunoter. 

100081 Accordmgly. is a need i„ the art for an imaging s,st«n that can yield improved 
. . anages wrth reduce! nois^ Mgh specificity, and high contrast lie system should be a 
complete polarimeter and analyze the depolarizadon of ciroul^ly-polarized Ught based on 
.he Muller-maaix co«^t by detecting highly-scattered Ught fiom biologicany-mspired 
Phanfoms as weU as flom biological tissues. Such a system should provide eZced 
™^ ^-pabiUties for homeland security, biomedical industrial aerospa^ appHcatiens. 
Further, the opfcal ftsion s««or system should possess imagmg capabiUties over a wide 
spectral bandwidth, while p„,viding a desirable battleship awareness by rapid detection 
location and recognition of enemy targets in hi^y cluttered enviromnents. In addition, the' 
sys.™ should be combinable with an active or passive multispectral spectropolarimeter or 
multispectial imaging system for enhanced imagmg, and should prove useM diould exhibit 
nnprov«l performance in adverse atmospheric and amWafl environmental conditions 
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Summary of the Invention 

(0009J B is a, objective of ae invention to maximize tt,e conm.. of i„«ges e^^ufed for a 
vanety of imaging appKcations. 

ioOlOJ ■ Thepr«e«inventionaeUeve,a^.ndoU^objeotivesb;p„>vi<to^ 
^ memod fi.. gene^ting a mulri^e^ , ^. 

m.er£«ng «„„n«, ftom Oe tege. image and analy^g a.e polarization state of Hgh. fta, 
has interacted with the target "gni mat 

.(««U1 m aooordan=ewitt,one aspeo, «>e present invention provides .n.»M^ polarization 
«nag„>gsysten.„cludingaUght source for iltoinatingatargetwiflraflrst^ 
hav^gafir^wavelengthandasecondq^nrtityoflighthavingasecondwavelength 

whereinthesecond wavel««thisdiflerentti«n the first waveIeigU..Apolarization'-s^^ 
genera.or^er.t.sap„,.rizations.ateftreachofthefl.,tandsec«„,q„a„titi,,ef„^. ind 

^.udesafi.«potaizer«wbicb«.e,5.s.a„ds.eo.d„esofUg^^ 
beS^ecntenngafirstwavepb.. A poiarization-state receiver evaluates a resulting 
pola^on state of ti„ first and second .pantities of iigto following ilhnnination of the 
.a^et. the polarizations receiver including a second wavepUte through which the first 
«». s«=ond ^tie. Of Bght are transited before entering a second poh^. An „pfio., 
nn^ge^ture device capunes a first in^ge of «.e target iUuo^ 

'^'««>"«=»<limageoffl.etargetinununatedbythesecond,„antityofHght A 
processing»ntassignsaw«ghtingactortoatleaston..fa.eflrs,and.econdin..ges«.d 

eval„a.esaweigh.eddiflerencebet«eenthefir,.andsecondin«.ge.t„gene,ateaaLti- 
energy unage of the target. 

100,2] m acconbnce witl. another aspect, the present invention also provides a method for 

ge-eratrngamula^ergy image ofatarge,.a,emethodincludinga,e steps of enuttingafir^ 
,uanti.yof„ghthavi„gafirs.wavelengthandasecond<n.anti.yofBghtL.ga2l 

each of fl-efirstandsecondquantities of light by polarizing andthenrctanUngone 
. component of each of fl« firk and sec^^ polarized quantities of light reMve to another 
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compon«.t of tte to »d second quantities of light; «rf directing poWeation state for 
each of the first and second quantities of Ught generally toward the target. TOe method 
(tether includes the stepsVanaljrzing a resulting polarization state for each of the first and 
second .ptantities of Bght by retarding one component of the first and second quantities of " 
hgjit fcUowing Ulunnnation of the target relative to another component of the first and " 
second quantities of light, and men polarizing me retarded first and second quantities of lid* 
capturing a first image of the target ifluminated by a,e first quantity of Bght and . second 
unage of the target Uluminated by the second quantity of light; weighting at least one of U.e 
firs, and second images; and generating a» m„lti<n«sy image of the targe, by evduatini a 
weighted diffetaice between flie first and second hnages. 



BSIEP DESCRirnON OF THE DRAWINGS 

I0O13] ^l««>»8oingando.herfeah«.sand«ivantagesof«»p,esen.inventionwiUbecome 
Waren. to a»se sldUed in the ar, to which the present invention relates upon reading a,e 

foUowmg description with refera.ce to the accompanying drawings, in which: 
(OOM) Figme 1 is a schematic representation of a multispectral. muItifi:«ion, dual.en«gy 

MneUer-based optical imaging system in accordance wiflr the present invention configured in 
abackscatteredmode; 5 

[00151 ^'S»'2«»«=k™u*ic,epresen,ationofamultispectral.muItitoi^^ , 
MuellerWd optical imaging system in accordance witi> the present mvention conflg„«d in 

a transmission mode; 

10016) Figure 3 is a schematic iltostration of a quarter-wave retanler in accordance with tire 

present invention; 

lOOiT) Figur.4 is ablockdiagnun of a multispectral. niultiiusion. dual-energy MueUer-based 

optical unaging system in accordance wiU„he present invention implemented with an active 

multispectrrtspectropolarime.er.apassivemultispectralspec.ropolarime.er,a^ 

system; 



5 

SUBSTITUTE SHEET (RULE 26) 



wo 2005/029015 

PCT/US2004/01S046 



100181 Figu« 5 is „ mustntive «™g™ent of a n«work of multispecW, muWfcsion dual 

™e,8yMu=ner.b.sedop«cal imaging systems in accoManoewimtt^presemrnvJon; and 
10019] Figure 6 is a flow diagram of an embodiment of a method for generating a multi^ergy 
unagem accordance with the present invention. 



DETAILED DESCIUraON OP PreFERBED A«D ALlltKNATE EMBOD.MENTO 

10020) -Certaintenninologyis,»edherein«>rconvemenceonIyandism,ttobetak=nasa 

hnntattononthep^^ntrnvention. PWher. in fl,e drawings, certain features may be shown 
in somewhat schematic fonn. 

10021] Fig«e 1 i'l---oneemb«iimen.ofamul.i^potaizationimagingsyst«n 10 
;^-"taS'°tt'=P'esa.tinventior.Tl,eimagings,«eml0incl«des.Ugh,so™:el4for 

aiumina«nga.argetl8wi.hafirs.,nanti.y Of Ughthavingaflrst wavelength andasepond 
quanfty of light havinga second wavelength. TTo second wavelength is different th«. the 
first wavelength to produce a highH=ontra5t image. A polarizadpn^ gen«a.or22 i, 
J»ovidedforgeneratmga,olarizatio„22statelbre«:hofth.flrst«^ 
im. Thepola,ization-atateg«en*,rmcludesafir,tpoI.ri»r26throughwMchthefirst 
«Klsecond<n..n.itiesoflightaretran«ni.,edbelb.een.eringafirs.wavepla,e32.wMch 
«-esaph.sediffe,«:c,be«veenano,dinarycomp„nen.36(Figure3)andanextraortinary 
con^«.42(Figu.e3)ofthepola,izedfirsta„dsecondquanU,iesofUght ApolarizaZ 
state r«e.v« 44 is positioned evaluate a resulting polariaaHon state of the firs, and second 
quan^ttes of hght following iUumination of the target 18, the polarizations receiver 44 
mctodmg a second waveplate 48 tinough which the first and second quantities of light an 
•-.^ned before enteringasecondpolarizersi. An optica. imag«apti« device, snch 
charge^upled device (-CCDT. photo^ectronie camera. CMOS detector. «,d the like 

captures a first onage of ti„ targe. iUmninaed by a„ fta, quantity of Ught and a second 
nnage of the target ilhrnunatedby the second quantity of light Aprocessing unit 57 assigns 

awe«htmg&cu>r.oa,l«»toneofthefi,s,.ndse«mdimagesandevalua.esaweighted 



are 
asa 
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between me firs. „d see^O taages .o gene^te a n.u.«-e„^ toage of U» .arge. 

I0.Z2, I1,e io^ging sys.en, ,0 of a.e p^e« taven«o„ 

w.«. pou^em. .waging principle, optionally a, va,^g-««a, deptta and e^fpo^ 
generate and di^ay a high^ in^. ' ^ 

»ore ,na„nt.e. o Ugh. having d,«^. .ave.eng«„ (n„u.^^ ^.^ ^ 
«,u...on Of pola^n^Hc ™age. by applying dual^tating ,ua„er-wave , J-^tTj 
«-P<'>~-^.ues.aUo™ one .oob^n enhanced po,^^^^ 
s^U^ Of 0« polarization pa»ne.e. of ti,e ao,„i.ed toage. »„oh as degree of 
^tion (DOP). degree of W po,,ri.tio„ pou-). degree of circular poia^l' 
^CP) eUrptiCy^nth, and eccentricity, or «,eir diffe^ces such as DOP difference 
DOLP^ce. DOCP dii&rence. Obtained a. different wavelet 

can be con>bn,«i wU, an acfve or passive muWspect«. ,pect.»poU>rime.er 75. 78 (Figure 4) 
r .uluspectrai/hyperspectra. imaging sy««n for «^ i^ „ ^ 
h^t sources, partiaily polarized sources, multiple exposures, and the Bice. As a 
nrultiwavelength. nrultifUsion optical in^ systin. 10 witi. enhanced conu^ L 

. potantet^c bser refl«ton.eter. as a bistatic potanneter laser reflectometer. or as a networtc 
Of .s^ polamn^ers (Figure 5, operating in reflection or transnUssion .ode o^^ 
Of tirese nrode. It can also be implemented with super-rcsolution te^^Z 

erection a^ng a fi,cal axis in which tiae light propagates), either by transhui.^ «,c 

stl^"If . ' ' """" — stage, or utiC 

Standard confocal microscopy techniques As a r«a,it • ^ . . 

^4ues. AS a result, polanzed multiwaveleneth nlanar 

nnagesect,ons.atthelongitudinaldirectionscanbeobtamed. 
100231 Although described hei«n as a dual-energy imaging system it shn„M k . 
«.e^..»>Oofthepresen.inve„tioncanbeusedr™::tt^^ 
.-ge. ^ofb.ing,in..edtot„o,uantitiesofUgbt.apluraU;:fB;t^ 
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described interchangeably herein as beams of light laser li^ht K.. 

.argc. .8 wift Ugh. having a second wave,eng«. fa Zl^Tl J 

. wavelength) and anote « of light ' ha^ a f "^"^ » 

source. V of h^ having a tow energy Oong wavelength) light 

10024] ""■etoUKliigh and low. and short and long used with . v 

Ogh. ii^illun^ Retarget .8 are relativeCl^Z,^"^™'™^ 
.^on. ^ used he^in. however, the te^s ZZ^TlZ: f"""' ' 
«.-ive to «,e other Ught wavelengths used io iUunWe tarTlg Ko ^ 
. <>»-«''-of>i*''-vingMghe„e,gy,evel.„eansth...he^!r.iL J^^l^.nr^ 
icvelthatishigherthanthe energy ,eve,oftheseco..;:X!^;:'3^7^ 
quantity of „ght is described as ha^g a shon l^T ^ ^ "' '^^ 
wavelengthofthe^^o,^,,.^^^^^^^; -^^^^ 
quantity of light wavelength of the second 

I002SI A weighted subtraction of these two images produces a „ ■ 
mterftring backgtound struch.es. A weightri. 

PO.aH^onp,ran.et.ofoneorn.oreofthecap.::n3^L":r:^^^^^ 
achieved in the muM-energy image generated by evahuC^ele ^ " 
of thb target ,8 iUuminated with the qualities of bJI "° *° 

weighting at least one of lh.~>l • ' ^ wavelengths. By 

Bu sat'eastoneoffhepolanzattonparametetsofanimageofthetareetiii,,™.- . . 
gtven wavelength, a suitable anount of undeaired in,^^ ^ "^^^^ .llununated at a 

-set ISean be removal »om the m^:^:;ir^'^«°^-^^'^= 
. ««bi«.. enviro^^,. or backgio^ can ^SbT 

-ec.ancep„p.es...ra^:avr:;:r~rdor: 
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energy image of the target 1 8. 

^ toee dunen.,™,!. F„*er. ttc optioa, toage..^ device 54 can „„ hon-od^ 

mu^, ^rge. I. a. a difle^ ^velen^ include: degree of polariiion (-DOP? 
'^ofiu^.d^rOOl^. ^ Of cin^ularpoWzaaonC-DOCn e H^J' 

s^^'tr""^ "canali^epj*:; 
seb of ™,ge^ m wluch fte aubttaction wiH peribnned on fte diffe^ncea of a>e J 
^asIK^Pdifl^e^^Or^^^^^^^ ^ ^o^^- 

"Mference. eccentricity difference and the like. aamuth 
«K«8, F^er eohancen-ent is obtained by en^ioying applied po.arin.etic t.ctai<n.es ^ 

.8 « otoned by vatyn^g tbe fccal depth of a ,ena positio«d in ftont of the ta^et 
1 to fbou. the Itgh. .bat i, convene, at a ^ntable depth within the targe. 18 xL 

sevena *ffe,»t fee. depths until «.e desired portion of the three^ensiona. ,.^1^^ 
been cj5)tared as an image. ^ 



10029, A dual-retati^ retarder is positioned adjacent to respeCv, p,h^ ^ , 
Polar^zatton-state generator 11 and a po.ari»tion^ ,eceiver-44 tbr generati^ J 
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analyzing. resp«avely. U« polarization atate of ftc fc, and second quantities of light The 
potozation-state generator 22 and receiver 44 operate in conjunction witi. dual-ene.^ 
-naging techniques described above. It can be configured to operate in a transnnssion mode 
«. shown in Figure 2, and a backscattered mode as shown in Figure 1. The adaptaWUty of 
the present invention aUcws i, to be used in a variety of applications including, but not 
imnted to, medical, aerospace and industrial. For «can,ple. the imaging system 10 of the 
present invention can be used in adverse atmospheric conditions for both air-to-ground and 
ground-to-ground combat applications. Additionally, the imaging system 10 can be adapted 
for use in diagnosing medical disease by generating enhanced images of the internal cavity „f 
a patient , ' 

(00301 An exemplary configuration a waveplate fomung a portion of the dual-rotatmg retarder 
of a» polarization-state generator 22 and the polarization-state receiver 44 in the present 
system is shown in Figure 3. Polarization states are gene^ted by placmg the polarizatior. 
state genera«>r 22 in optical alignment along the optical axis 64. Arranged m flrfs manner 
the Ught sour« 14 emits Bght ti«, is pohuized by the first polarizer 26 and subseqnentty 
tiansmrtted through a firs, wav^late 32. The polarization state of light transmitted ftom .he 
first waveplate 32 is then analj^ by the polarizuion-state receiver 44 after the Ught 
transmitted firom the first waveplate 32 has ilhmiinated the target 18. 
(00311 Similar to me polarizaa™.-s.ate generator 22, the polarization-state receiver 44 inchdes a 
• «comI waveplate 48 and a second polarizer 51. Unlike a,e polarization-state generafor 22 
however, the polarization-state receiver 44 is arranged such fl« Hght illuminating the targei 
.s tran^ned throng .he second waveplate 48 prior to being received by ie second 
polarizer. 

(0032) Tte first and second waveplates 32, 48 in one embodiment a., rotatably supported 
.he first and secMKi pohrizers 26, 51 along the optical path 64 traveled by the tight 
fi»m ae Ugh. source .4. Rotating the second waveplate 48 at an angular-velocity r«io of 
5:1 relative to the first waveplate 32 encodes the 16 pa«meters of the target's Mueller 
matnx, which is discussed in detail below, onto tite Fourier components of the detected 
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signal. Further, the first and second wavenlates ^7 4» 

1 fi • X . "*"aic me larget IS interacts with the tart^Rf 

2,orabackscattenngmodeasshowninFigurel. "figure 
[0033, Il^e waveplatcs 32, 48 of the present .invention, also known as retardation plates and 
. phase shifters, are made fiom n^terials which exhibit birefiingence The Z v ^ 
ordinary and extraordinary light rays 36 42 through the h' J^^ 

wJAtu- ^ . ' ^°"^*^®''""®fi™gent materials vary inveiselv 

with their refiractive indices. The phrase "ordinarv rav" , ^ "aversely 

«avepla.e material relatively slower than fb. ordinary «y 35 ...T f 
UToug, the waveplate tnaterial ^ve. rise a ^ ^7, " 

Shift, hetween the ordh»y .nd e«r«„dina.y ra^ 36 4^^^^ .0 aa a phase 

mtxod„«d by the waveplales 32 48^ . Pl-sc difference 

«avep,ates3a.4S..hich.'^^^r:^J^ ^ 
AO w , - ' thickness of the wavenlates ^9 . 

^ Waveptate, 32. 48 «^ introduce a phase shift of between 0 and 9<f bl^ 2 

components 36. 42 p.duce eilipticany .oZ^^U 

shrft of exactly 90 produces cncUarly polarised Ugh. where the ordinay awl ext^orl, 
..-PO-«.a«e,na, inlets ^ S.^^^ 
l.gh. tend .0 maintain their polarisation more than linearly polarized H«h, 7 ^ 
Hsht-scatterinsmedi. A^--S .0 one emhodimen. of tJ^t^lTZlTI 

zxT.:t::erfitr.;:rT-*-^- 
~ofacon..e.wa_.^rrLrr.r— : 
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10034] The firs. »d ^ polarizer 26. 51 «e fixed in posiUon, »d can be any n^teriai that 

allowmg anomer component to paas Uierethrough genei^y mmnpeded. By fixing the 
posifion of the fi,., and second polarizers 26. 51. the effect of any inatmmeotal polarizadon 
pr.cedingorfollowi„gmepolarize,s.26.51isnUninrized. Also, the Fourier tranrfonn on the 
data automatically perfonns a least squares fit to the umletermined data set He present 

/y«'=°"'»i>'J«''«i«anttobeamwanderifmeasurementsaremadeovera2^cycle. 

fOOSSl ^»K8htso«reel4„fthepresentinventio„c«.beauysuitabledevice.hatcanemitligh, 
«.ergy. According to an embodiment of the present invention.- the light sou„=e 14 is a 
tunable laser having a variably adjustable wavelength. By tunable, it is meant that the laser 
can be tu.^ to emit laser light having any wavelength within a predetemined range of 
wavelengths. Other suitable light sources 14 include, but are not limij to 
: hype^ec^al/muld^pectral Ught sources. wMte Ught. partiafiy pohrized light sources. J 
ae hke. -me multispectral. multifi^ion. dual^ergy MueHer-based polarimeter system 10 of 
the pr ^t invention can also uUlize sh«t.*nation optical pulses or snapshots of light pulses 

. pmvtdmg therefore, temporal i„&™ra,i<,n. in to d„ sp«ial and spectral inibnnation 

ofthe target 18. 

1003*1 y^, «,e system .0 ofthe present invention can include a plu-aUty of Ugh. sources ,4 
.. ^.Uumma.mgthe.arget 18. The pluraUty of light sources 14 can each illuminate «.e targrt 
18 wrft a ,uami.y of Bgh. having a differen. wavelengtt, fonning ,„ iB„^„ ^.^ „ . 
pom. on the .arge.. By varying one or more of fte ge«ne.,y and «« orienMon ofthe light 
sources 14. a new plane or point of iUuminatlon on the target 18 an. be esa.Iished. TOs 
vartauon of geometry and/or tte orientafion of Hgh, sources can be repeatedly 
..perfcimedto^enerateadesiredmulti-oiergyimage. 
. 10037) using fl.e present invenfi^, for applicadons such as designing optical tomography 
systems, for example, the light source 14 can be configured to utilize planar geometry 
beam g«,metry. poin«vise muminafion. or any combination thereof Pointwise iUuminafion 
should be p.ov.d«. by any beam steering mi™,r-Iik^ devices such as electromechanical 
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opto-electionic, acoustiooptic, aU optical-based technology, Uquid-crystal-based mirror, and 
any other such devices. 

[0038] Additionally, an embodiment of the present invention shown in Figure 5 implements a 
network comprising a pluraKty of dual-rotating-retarder complete Mueller-matrix 
polarimeters, each targeting a different location of the target 18. This embodiment can be 
implemented by positioning a dual-rotating-retarder complete Mueller-matrix polarimeter 

• imaging system 10 of the present invention at a pluraUty of locations relative to the target 1 8. 
Similar to the individual imaging system 10, each imaging system 10 in the network 
iUuminates the target 18 with two or more quantities of light, each quantity of light having a 
different wavelength. However, unlike the individual imaging system 10, each imaging 
system 10 in the network focuses the first and second quantities of light to penetrate the 
target 18 at different depths or on different surface areas. The weighted subtraction of 
polarization parameters acquired by illuminating the target 18 with the quantities of Ught 
having different wavelengths is performed for each individual imaging system 10 in the 
network to generate individual multi-energy polarimetric images. Each of th^ individual 
images is then communicated to a common computational platform 81 where a composite 
image of the target 18 is generated from a combination of the individual images.' As the 
network is illustrated in Figure 5, the polarization-state generator 22 and light source 14 of 
each individual imaging system 10 are represented generally by the blocks entitied 
* 'TUNABLE LASER 1" and 'TUNABLE LASER 2» Similarly, the polarization-state 
receiver and optical-imaging device for each imaging system 10 in the network is represented 
generally as the block entitled "SIGNAL PROCESSING/IMAGE FUSION." The composite 
image can be a three-dimensional image of the target 18. a two-dimensional image of the 
target's surface, or any other type of image.. Furthermore, the composite image can be 
formed by subtracting an individual image of a layer within the target 18 from another 
individual image of a different layer within the target 18. In this mannec, interference from 
one layer of the target 18 that could obstract the view of the layer of interest in the target 18 

' in the composite image is minimized. 
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[0039] The common computational platfomi 81 can store infomiation concerning the 
wavelengths of the Ught emitted by each individual imaging system 10 in a database stored in 
a computer readable memory for optimizing operation of the network in fixture applications 
An artificial neural network ("ANN"), described in detail below, can be used with the 
computational platform 81 to select optimal wavelengths for the individual Kght sources 14 
of the network. The optimal wavelengths can depend on a variety of factors such as 
atmospheric conditions through which the quantities of light ax« to be transmitted, properties 
of the target 18 (i.e.. wh^er the target region of interest includes biological tissue bone 
structures, gaseous elements, hardened structures, synthetic objects, radioactive materials 
etc.).andoAerfactoxs. Further. simUar to the individual imaging systems 10. one or more of 
the mdividual imaging systems 10 of tiie network can be in a fixed position, dynamically 
positioned in- an aircraft. sateUite. medical instrumentation, and tixe like, and include 
apphcations for target surveiUance and identification, home-land security, air defense 
battieship awareness, and other suitable applications. Likewise. Uie target 18 can be static or 
dynamic. And again, referring to Figure 4. the individual imaging systems 10 and the 
network can be implemented with an active spectropolarimetric imager TS." passive 
spectropolarimetric imager 78. laser radar imager 84. and any combination thereof. 

[0040] ll^enecessary computationalhardwareandsoftwarefortheoperationof thesystem lOof 
the present inventibn is in operational communication with the features of the system io 
.discussed above. The computational platform includes at least a processing unit operatively 
comiected to a computer readable memory. Computer logic stored in the computer-readable 
memory along with infomiation collected from previous operations of tire system 10 and pre- 
programmed into the computer readable memory allow the system 10 to adaptively select' 
smtable wavelengths for the first and second quantities of light based on at least the ambient 
envux>mnent of the target 18. For example, the computational platform can include what is 
commonly referred to as an intelligent system, such as an artificial neural network to 
determme the optimal wavelengths to be used for target recognition and identification. TOs 
can be used to search for targets 18 amidst camouflage nets, trees, fog or other adverse 
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atmospheric conditions, to locate a known composition inside the body of patient in a 
. medical context, and other similar applications. 

[00411 GeneraUy. an artificial neural network ("ANN'O includes highly-intercomiected simple 
computing mathematical nodes, analogous to neurons in a biological neural network. The 
intercomiections between these mathematical nodes (neurons), resembUng synapses in 
biological neural networks, are called weights and provide means to store knowledge. The 
functional mappings are acquired through a learning process and the knowledge is stored in 
the form of weights. The leaning process involves repeated training in order to accurately 
leam the task. Alternately, a database of information can be preprogrammed into the 
computer-readable memory to minimize the time required for the learning process. 

[0042] An embodiment of the ANN of the present invention uses a committee of neural 
networks to increase the reliabiUty of choices made by the ANN. ITuee or more ANNs are 
trained with different arohitecture, initial weights, and the best ANNs are recruited to form a 
committee for selecting the ^propriate light wavelengths. Inexact-reasoning techniques 
such as fiizzy logic can be employed to further enhance the system. 

[0043] m use. the system 10 Ulustrated in Figure 1 yields a complete measurement of all sixteen 
Mueller matrix elements through the Fourier analysis of the detected signal. The qth 
measurement of the inadiance measurement is described by the Mueller matrix equation for 
the systeirx as, 

[0044] where S^,(q) and S^n are the Stokes parameters at the exit and entrance of die system 
respectively; M^p, and Mjj.2 are the Mueller matrices of ideal polarizers 26, 51 with their 
transmission axis 64 oriented along the horizontal x direction, and M,„(q) and Mua(q) are 
the Mueller matrices of the quarter-wave letaiders 32, 48 in the polarization-state generator 
22 and the polarization-state receiver 44. In general. 
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[00451 Substituting (2H5) into (1) and carrying out the appropriate trigonometric 
transfonnations. one can show that the output iiradiance is given by the first element of the 
output Stokes vector. so.oM. The expression for the measured iiradiance is expanded and 
rewritten to produce terms that correspond to the Fourier series expansion 

a 

*o^(«') = /, =-~ + 5^(a„ <x>s2nyq+b„ sin2njq) (6) 
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[0046] where/, is the measured inadiance, and the Fourier coefficients are a function of the 
sixteen elements of the sample MueUer matrix. These expressions can be inverted to offer 
MueUer matrix elements in temxs of the Fourier series coefficients. Overall, the addition of 
polarization imaging capabilities results in a significant enhancement in contrast.. This is 
particularly true for dark structures such as tumors, which minimize optical or near infrared 
detectability. Percent polarization of difiiise light increases with decreasing "surface 
reflectance. As a result, a dark structure with a reflectance of 2% exhibits a percentage 
polarization of approximately 1 00%. 

10047] The principles of dual-energy imaging involve the use of two optical images, one 
produced from a high energy (low wavelength) and another &om a low energy (high 
wavelength) coherent light source. A weighted subtraction of these two images can produce 
a digital image which eliminates interfering background structure. By adding polarization 
miagmg capabilities to the dual-energy system, a multi-fbsion optical imaging system with 
enhanced imaging capabihties can be obtained. 

10048] In fact, a subtraction of the polarimetric image acquired at one wavekngth by that 

-«l"i«d-ttheotherpolarimetricimageleavesonlytheabsorptionde^^^^ 
the following expression: 

ie(0 = iog jiK^f^LA^z 

whwe AKa=p.(A,2)-Ma(X,) (g)' 
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100491 More generaUy, however, the subtraction equations of the present invention can be 
expressed as: 



P0P)xi-(D0P)u 


(8) 


(DOLP)xi-CDOLP)x2 


(9) 


(D0CP)xi-(D0CP)X.2 


(10) 


(e)xi-(e)3i2 


(11) 


(J\)xi-in)n 


(12) 


(e)i2-(e)xi 


(13) 



(0050] where DOP, DOLP. DOCP. are abbreviations for the degree of polarization, degree of 
linear polarization, degree of circular polarization, respectively, obtained with interrogation 
light beams of wavelengths Xi and X,2, given as 

So 

e = -^ = f3 

1 s 
]7=~aictan[-^] 

2 J, 

ff = Vl-e* 



(14) 
(15) 
(16) 
(17) 

(18) 
(19) 
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[00511 and e. t], and e are the eUipticity, azimuth, and eccentricity, respectively, obtained with 
- interrogation Ught beanis of wavelengths X, and X^. Naturally, multiple wavelengths can be 
utilized to interrogate the target, giving rise to multiple dual-energy difference pairs. 

[0052] In use. with reference to Figure 6. the multispectral, multifusion, dual-energjj MueUer- 
based polarimeter imaging system 10 of the present invention can generate enhanced multi- 
energy images according to a method of the illustrative embodiment This illustrative 

method includes the steps ofemitting a first quantity oflight having a first wavelength 101 
and a second quantity oflight having a second wavelength that is different than the first 
wavelength, creating an initial polarization state for each of the first and second quantities of 
• Ught by polarizing and then retarding one component of each of the first and second 

polarized quantities oflight relative to another component of the first and second quantities 
of Hght 104, and directing the polarization state for each of the first and second quantities of 
Ught generaUy toward the target 107. The method of the illustrative embodiment fiirthW 
includes analyzing a resulting polarization state for each of the first and second quantities of 
Ught by retarding one component of the first and second quantities of Ught following 
illumination of die target 18 relative to another conqwnent of the first and second quantities 
of Ught 1 10, and then polarizing the retarded first and second quantities of Ught 1 10; 
capturing a first image of the target 18 iUuminated by the first quantity of li^t and I second 
image of the target 18 iUuminated by the second quantity of Ught 1 13; weighting at least one 
of the first and second images 1 16; and generating the multi-energy image of the target by 

evaluating a weigjited difference between the first and second images 1 19. The weighting 
factor in some circumstances can be unity, or take on any othw value. 

[00531 The step of creating an initial polarization state 104 includes Unearly polarizing the first 
and second quantities of U^t After the Unear polarization, at least one of the ordinary and 
.• extraordinary components 36. 42 of the Unearly-polarized Ught is retarded with a quarter- 
wave retaider 32 to create a phase angle between the ordinary and extraordinary components 



36,42. 
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[0054] Similarly, analyzing the resulting polarization state 1 1 0 includes analyzing a resulting 
phase angle between the ordinary and extraordinary components 36, 42 of the first and 
second quantities of light foUowing interaction of the first and second quantities of light with 

• the target 1 8. This step evaluates the effect the target 1 8 has on the polarization state o^ the 
jfirst and second quantities of hght by transmitting the first and second quantities of Ught 

through a second quarter-wave retarder 48 following interaction with the target 18. Then, the 
. first and second quantities of light are again linearly polarized by the second polarizer 51. 

10055] Weighting at least one of the first pnd second images includes 1 1 6 the steps of 
determining a MueUer matrix for each of the first and second images, determining a 
weighting factor suitable for at least one parameter of the first and second images, and 
multiplying at least one of the parameters of the first and second images by the value of the 
weighting factor. 

[0056] . Generating the multi-energy image of the target 1 19 includes the steps of determimng a 
difiference between the at least one weighted image parameter and the remaining image 
. parameter, generating a MueUer matrix for the difference between the two images, and 
displaymg an image generated ftom the Mueller matrix for the difference between the two 
images. 

[0057] Emitting a first quantity of liglit having a first wavelength and a second quantity of light 
having a second wavelength 110 includes evaluating an ambient environment of the target 
18, comparing the ambient environment of the target 18 to known conditions stored in a 
computer readable memory, and determining suitable first and second wavelengths based on 
. the comparison between the evaluated ambient environment of the target 18 and the known 
environments in the computer readable memory using an artificial fiizzy neural network. The 
ambient environment can be any environment, neighboring object, and the like that can affect 

• the first and second quantities of light en route to the target 18. Nonlimiting examples of 
such an ambient environment include a gas cloud, fog. or other atmospheric condition 
through which the first and second quantities of light are transmitted between the light source 
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14 and the target 18 or other location along the optical path 54 from the light source to the 
optical image-capture device 54. 

[0058] From the above description of the invention, those skilled in the art will perceive 

improvements, changes and modifications. Such improvements, changes and modifications 
within the skill of the art are intaided to be covered by the appended claims. 
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What is claimed is: 

1 . A multi-energy polarization imaging system comprising: 

a light source for illuminating a target with a first quantity of Ught having a first 
wavelength and a second quantity of light having a second wavelength, wherein the second 
wavelength is different than the first wavelength; 

a polarization-state generator for generating a polarization state for each of the firet and 
second quantities of light, the polarization-state generator comprising a &st polarizer through 
which the first and second quantities of light are transmitted before entering a first waveplate; 

a polarization-state receiver for evaluating a resulting.polarization state of the first and 
second quantities of Ught foUowing illumination of the target, the polarization-state receiver 
comprising a second waveplate through which the first and second quantities of light are 
transmitted before entering a second polarizer; 

an optical image-capture device for c^turing a first image of the target illuminated by 
the first quantity of light and a second image of the target illuminated by the second quantity of 
light; and 

a processing unit for assigning a weighting factor to at least one of the first and second 
images and evaluating a weighted difference between the first and second images to generate a 
multi-energy image of the target 



2. The system according to claim 1, wherein the optical image-capture device is a charge- 
coupled device. 



3, The system according to claim 2, wherein the charge-coupled device is positioned in 
optical aUgnment with the polarization-state receiver to capture the first and second images. 

4. The system according to claim 1, wherein the light source comprises a laser. 
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5. The system according to claim 1, wherein the light source is configured to emit light in a 
planar geometry, fan-beam geometry, pointwise illimiination, or any conibination thereof 

■» 

6. The system according to claim 1, wherein the first and second waveplates are each a 
quarter-wave retarder. 

7. The system according to claim 6, wherein the quarter-wave retarders forming the first and 
.second waveplates are rotated at an angular-velocity ratio of 5: 1 . 

8. The system according to claim 1, wherein the polarization-state generator and the 
polaiization-state receiver are generally linearly aligned on opposite sides of the target. 

9. The system according to claim 1, wherein the polarization-state receiver is positioned to 
evaluate the resulting polarization state of the first and second quantities of light reflected by the 
target. 

10. The system according to claim 1 fiirther comprising a computer readable memory for 
storing information to be used by the processing unit for detc^rmining a suitable wavelength for 
each of the first and second quantities of light. 

1 1 . The system according to claim 10, wherein the processing unit comprises an artificial 
fiizzy neural network tbat uses information stored in the compute readable memory to determine 
a suitable wavelength for each of the first and second quantities of light for the conditions .at a 
time when the multi-energy image is to be generated. 
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12. The system according to claim 1, wherein the optical image-capture device converts the 
first captured image into a first Mueller matrix of the target and the second captured image into a 
second Mueller matrix of the target 

13. ; A method for generating a multi-energy image of a target, the method comprising the 
.steps of: 

emitting a first quantity of light having a first wavelength and a second quantity of light 
having a second wavelength that is different than the first wavelength; 

creating an initial polarization state for each of the first and second quantities of light by 
polarizing and then retarding one component of each of the first and second polarized quantities 
of light relative to another component of the first and secondquantities of light; 

directing the polarization state for each of the first and second quantities of light 
generally toward the target; 

analyzing a resulting polarization state for each of the first and second quantities of light 
by retarding one component of the first and second quantities of light following illumination of 
thie target relative to another component of the first and second quantities of light, and then 
polarizing the retarded first and second quantities of light; 

capturing a first image of the target illuminated by the first quantity of light and a second 
image of ttxe target illuminated by the second quantity of hght; 

weighting at least one of the first and second images; and 

geaerating the miilti-eaOTgy image of the tazget by evaluating a weighted difference 
between the first and second images. 
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14. The method according to claim 13, wherein the step of creating an initial polarization 
state comprises the steps of: 

linearly polarizing the first and second quantities of light; and 

then retarding at least one of the ordinary and extraordinary components of the linearly- 
. polarized light with a quarter-wave retarder to create a phase angle between the ordmary and 
extraordinary components. 

1-5. The method according to claim 13, wherein the step of analyzing the resulting 
polarization state comprises the steps of: / 

analyzing a resulting phase angle between the ordinary and extraordinary components* of 
the first and second quantities of light following interaction of the first and second quantities of 
light with the target; and 

then linearly polarizing the first and second quantities of light. 

16, The method according to claim 13, wherein the step of weighting at least one of ttie first 
and second images comprises the stqps of: 

detennining a Mueller matrix for each of the first and second images; 

deteraiining a weighting factor suitable for at least one of the first and second images; 

and 

changing at least one of the first and second images by the value of the weighting factor. 

17. The method according to claim 13, wherein the stqp of generating the multi-energy image 
of the target comprises the steps of: 

detennining a difference between the at least one weighted image and the remaining 

image; 
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generating a Mueller matrix for the difTerence between the two images; and 

displaying an image generated fiom the Mueller matrix for the difference between the 

y 

. two images. 

18. The method according to claim 13, wherein the step of emitting a first quantity of light 
having a first wavelength and a second quantity of light having a second wavelength comprises 
the steps of: 

evaluating an ambient environment of the target; 

comparing the ambient environment of the target to known conditions stored in a 
■ computer readable memory; and 

determining suitable first and second wavelengths based on the comparison between the 
evaluated ambient environment of the target and the known environments in the computer 
readable memory using an artificial fiizzy neural netwotk. 
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